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TURBULENT FLOW IN PIPES*

By Edwin Mayer
I. INTRODUCTION

Very many flow processes of engineering application
occur within regions where the cross sections may vary not
only in area but also in shape. In the most general case
the flow channel will also possess curvature so that eg-
sentially there are three factors that may be expected to
affect the velocity and pressure distribution:

1. Change in the side of the flow cross section lead-
ing to a mean acceleration or retardation.

2. Curvature.
3. Change in the shape of the cross section.

Examples of flow in which these three influences oper-
ate to differcnt degrec are those in the curved intake
pipes of turbines and in the impeller and guide wheels of
pumnps and compressors of all kinds. In order to gain in-
sight into the difficult processcs that occur, each of the
three influences above must be investigated. So far, this
has been done for those enumerated under 1 and 2 above. ’
Thus Nikuradse (reference 1) and D8nch (reference 2) con-
sidered the velocity and pressure distribution in conver-
gent and divergent channels and others, particularly
Nippert (reference 3) considered curved channels of con-
stant cross-section shape. With regard to the third fac-

5 tor, namely, the change in shape of the cross section

*"Einfluss der Querschnittsverformung auf die Entwicklung
der Geschwindigkeits- und Druckverteilung bei turbulenten
Str8mungen in Rohren.' VDI-Forschungsheft 389, Supplement
to Forschung auf dem Gebiete des Ingenieurwesens, ed. B,
vol. 9, March/April 1938, pp. 1-20.
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while the area remains constant, no investigation results
are as yet available.* Such an investigation will Dbe the
subject of the present paper. For this purpose it is nc-
cessary to consider the velocity and pressure relations
over each entire cross section so that we are confronted
with a three-dimensional problem.’ '

II. PHE TEST SET-UP

One of the most common types of transition in cross-
sectional shape is that of a circle into a rectangle.
Since, moreover, the built-up velocity distributions differ
considerably in the flow through circular and rectangular
cross sections, i1t may be expected that the effect of the
change in cross sectlion on the velocity and pressure rela-
tions will show up very strongly. For this reason, there
is considered in this paper the flow where the shape of
crogss section changes from circle to rectangle or in the
reverse direction, from rectangle to circle. The tests
were carried out with air as the medium.

Figure 1 shows the test set-up for the investigation
of the velocity and pressurc distributions in the transi-
tion from a circular cross scction (diameter, 190 mm) into
a rectangular onc of the same area (width, 238 mm; height,
119 mm). These relatively large cross-scctional arcas
were chosen in order that the percent change in cross-
section area resulting from the insertion of the velocity-
and pressure-measuring apparatus should be as small as
possible and thus the actual velocity and pressure distri-
butions measured with the greatest possible accuracy. The
tests were performed in the open air., With the intake
chamber k not connected to the pipe the readiangs of the
micromanometers which served to measure the velocity and the
pressure were subject t& rather large irregular fluctuations
on some days as a result of wind impact on the open pipe.
In order to eliminate this difficulty in the reading of the
instruments, an intake caamber k of approximately 2 cubic
meters volume was Jjoined to the end of thepipe. The bottom
of the chamber is formed of two sheet-metal layers 1 hav-

*One of the few suggestions for the necessity of taking in-
to account the effects of change in cross-sectional shape
on the development of the velocity distridbution is found in
the dissertation cf E. SchrB8der (reference 4).,
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ing orifices through which the air is sucked in, the

“chamber -being otherwise.completely closeds To avoid dis-

turbances resulting from jet contraction and férmation
of vortices at the sharp pipe edges at the inlet to the
entry run of pipe a, an entry throat e is inserted
between the intake chamber and the circular pipe through
which throat the air in the intake chamber is gradually
accelerated.

In the preliminary tests, it was found that the ve-
locity profile at the entry run of pipe was asymmetrical
to the pipe axis, more air flowing through the upper or
lower part of the circular section, depending on the dis-
tance of the profile from the pipe inlet. In order to
avoid this, two honeycombs g, one directly behind the
throat and the other 5 meters distant, were installed in
the pipe a. They consist of thin-walled shect metal
tubes of about Z250-millimeter length and 25-millimeter di-
ameter arranged to £ill out the cross scction by honcy-
combs. The installation of these resulted in symmetric
velocity distribution with respect to the pipe axis.

The entry run of pipe was 17 meters long, that is,
about 90 diamcters, The pipe is formcd of an 8-meter
length of normally welded shect metal while the remaining
length of 9 meters was of seamless, drawn sheet brass.

Preliminary tests were at first necessary in order to
see whether the entry run of 90 diameters was sufficient
to give at its end a built-up turbulent velocity profile.
The condition for this stable velocity profile is that it
no longer changes with increase in entry length. Accord-
ing to investigations by Kirsten (reference 5), the length
of pipe chosen is sufficient to give a stationary, turbu-
lent velocity profile. In the present case, because of the
asymmetrical entry, the possibility arose that thesc dis-
turbances might require a longer entry run of pipe.

An accurate velocity profile was therefore taken at
the end of the entry run, that is, after a length of 90 4
and also one after a length of 80 d. Comparison gave an
accurate agreement between the two velocity distributions.
A further proof that the length of entry run was sufficient
will be provided in the more detailcd discussion below of
the initial profile (section VI). ,It is essential to have
a stationary velocity profile at the end of the entry run
in order to obtain independently the effect of the change
in cross scction on the velocity and pressure distributions
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and avoid disturbances that may be ascribed merely to a
short length of pipe. It must be noted, however, that

the reguirement of a built-up turbulent velocity profile

at the beginning of the transition section very seldom is
met with in practice where such transitions in cross sec-
tions occur. It is necessary, however, to assume such
built-up profiles in systcmatic tests in order to be able

to simplify to some extent the difficult rclations involved.
Only then will it be possible to consider mcasurements

with other entry profileg that cccur meorc in practice.

At the end of the entry run of pipe, there is the
transition piece v which permits the transition from the
circular cross scetion to the rectangular while maintain-
ing the arca the samec. In order to be able to follow fur-
ther the development of the velocity and pressure distri-
bution after the ecxit of the air from the transition piecce
and to eliminate disturbing reaction effects on the veloc-
ity and pressure distribution in the transition piece it~
self the air after leaving the transition piece flows into
a 5 meters long rectangular exit run b. The construction
of the latter may be secn from figure 2 which shows a secc-
tion of it. It is asscubled from 3 millimeters thick
smooth shect brass and rosid on the cast iron frames r
which arc screwed on at a distance of 1 moter apart on two
U beams s. In order to obtain sharp edges the two latter
sheets sb are welded to the base plate Db and screwed
together with the cover plate db. The exit run b ends
in a deflecting chamber u (fig. 1) out of which the air
ig sucked by a blower.

The test set-up for the flow in the opposite dirce-
tion where the cross section changes from rectangular to
circular of cqual area is shown in figure 3, The entry
ran of pipe a conncctcd ahead of the fransition piece
v has a length of 11 m = 70 dp (dp = hydraulic diameter

4F 0.1586 m, F = arca of section, U = perimeter of

cross section), whereas the connecting exit run b of
circular section is again 5 meters long. In order to avoid
disturbances, there is in this case, toc, at the entrance
"4to0 the entry run an entry throat e.

In the case of the flow direction rectangle
circle there is also to bhe invested the development of the
velocity distribution along the entry run itself, no meas-
urcments of this kind having so far becn published accord-
ing to the author's knowledge. In order to carry out
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these mcasurcments it was neccessary to. dispense with the.

"~ intake chamber ahecad of.thc entry throat since because of

the deflection of the intake air this. chamber would have
made the velocity profile in the first part of the entry
run asymmetrical so that the deovelopment of the velocity
profiles could not be followed. Similarly, it was also
necessary to dispense . with a honeycombd in the cntry. length
of pipe since it would give rise in part of the pipe to a
velocity distribution that would not agree with that of
the same section without the honeycomb. It was all the
easier to dispense with the honeycomdb as it was found that
in the initial rectangular run of pipe there appeared no
tendonecy toward a velocity distribution asymmetrical with
respect to the axis., On account of the absencc of the
intake chamber, the tests for the flow direction rce-
taigle ~—~»= circle werc carrisd out only on calm dayse.

As in the case of the transition circle «—s rectangle
it also was established for the reverse dircction whether
the choscen length of pipe was sufficient for attaining a
fully built-up turbulent velocity distridbution. As may be
seen from figurc 7, a stationary built-up turdbulent veloc-
1ty distribution is attainced at the very entrance to the
transition piece, so that the length of the initial run of
pipe is sufficient.

The remaining construction of the test set-up corre-
sponds toc the transition circle ——s rectangle, The air
flows out of the transition piece v through the circular
exit run b into the deflecting chamber uw out of which
it is sucked by the blower and is again discharged into
the frce atmosphercs The purpose of the Prandtl tube p
indicated in figures 1 and 3 will be discussed in section V.

III. THE VELOCITY AND PRESSURE-MEASURING APPARATUS

For the measurement of the velocity and pressure dis-
tributions in the different cross sections a pressure
sphere whose construction and principal dimensions may be
seen from figure 4 was made use of. The entire apparatus
rests on a base plate g which is screwed on to the pipe
over the measuring orifices (s in fig. 8) to be further
described below. (The manner of this attachment may also
be ‘seen from fig. 1ll.) On the base plate g is.a cylin-
der w rotatable in a plane in both dircctions and to this
is attached the support ~ h of the shaft of the spherec,
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The magnitude of the angle of rotation * ¥ of the cylin-
der with respect to the vertical position is read off on a
graduated circle m. The shaft s of the sphere is axial-
ly displaceable in the support and can bs turned about its
axis (angle of rotation «). At the upper end of the sup-~
port is the headpiece o rotatable in the support, ground
smooth on one sidec and provided with a vernier scalc ne.
Through this the sphere shaft,which is provided with a'mm
scalc along its length is visible so that the depth of
lowering of the pressure sphere into the transition section
may be determined., At the upper end of the shaft there is
a disk r rotating with it and provided with a graduated
circle on which the angle of rotation 4o of the shaft
with respect to a determined zero position may be read off
by rotating the pointer =z over the disk until the reflec-
tion of the tip of the pointer coincides with the pointer
tip 2z, over the mirror sp.

By adjusting the angle V¥ and the lowering depth,
all points of the lower half and a portion of the points
of the upper half of each section of the transition piece
may be reached. The sphere k itself has four pressure
orifices (fig. Ba) in contrast to the spheres that have so
far been cmployed in the Karlsruhe Laboratory for flow ma=-
chines, where 1l2-millimetcr diameter spheres provided with
five pressure orifices are cmployed.(fig. 5b). A detailed
description of a pressurc sphere with . five orifices may be
found in the paper by Krisam (refercnce 6) so that an ex-
planation of the principle of the measurement of velocity
and pressure with the aild of the sphere may be dispensecd
with here. A deviation was made from the usual type of
construction in order that a smaller sphere diameter may
be obtained. With the sphere diameter chosen of 8 milli-
meters, it 1s no longer possible to weld securely and air
“tight the five small pressure tubes required for a sphere
with five orifices (0.8 mm outer diameter, and 0.5 mm in-
ner diameter) that serve to convey the pressure through
the sphere shaft. In order to keep the diameter of the
sphere down to 8 millimeters and at the same time to main-
tain the dimensions of the pressure tubes, there is no
choice than to attempt to constrvect a practical instrument
with fewer than five orifices which should permit the mecas~
urement of the velocity in magnitude and direction as well
as of the pressure,. In using the 8-millimeter sphere with
four orifices, it is nccessary, because of the elimination
orifice 3 (fig. 5b) to define the coefficient kg . for the
determination of the angle & f(angle between the velocity
dircction and the perpendicular to the sphere shaft in the

—
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neridian plane which conta ins the orifices 1 and 2) differ-

'“ently*thwn that for the. sphere with five orifices. In our

case .

k, - k .hy - h

ké.- k4 . ha - h, ,
where k,, k,, and k are nondimensional coefficients

whosc values nust be determined bJ calibration from the
relation '

. 2
k1,8,4 = (h1,g,4 - P/Y) 2 g/c

as a funetion of 8. (h;, hp, h, are thc pressure heads
at orifices 1, 2, and 4; p 1is static pressure; ¥, spe-
cific weight of the flow medium; g, acceleration of
gravity; ¢, velocity of flow.) The k curve plotted
against +8 and -8 mnust be of such a form that to each
valuc of kg there corresponds a definite angle and not
several values of 8§, In order to satisfy this condition,
the orifice- 2 on the spherc was somewhat inclined toward
the shaft so thot the axis of the orifice forms an angle
of 69 with the niddlec plane of the sphere at right angles
to the shaft axis. For the same rcason, the orifice 1 as-
suned a somewhat different position, its axis forming with
the middle planc an angle of 30° (fig. 5a). In this way
there was obtained a unigue curve for kg as a function
of the angle +8 as is shown in the calibration curve of
figure 6 for the values of 8§ Dbetween +35° and -35°. For
values of & larger than #35°, the kg curvc becones
many-valuecd. In this rangc therefore, the pressure sphere
is no longer applicable. In the case of the tests under
consideration, however, no such large values of & were to
be expected. :

In the measurement of the velocity and the pressure
at any position with the aid of the pressure sphere appa-
ratus, the procedure is as follows. After adjustment of
the sphere coordinates of the corresponding measuring sta-
tion, that is, the lowering depth of the shaft and the an~
gle +V¥, that sphere is rotated until the pressure at ori-
fice 4 becomes equal to that at orifice 5. On the scale
attached to the sphere shaft, this.angle of rotation ta
can then be read off. The zero line for mcasuring the angle
& lies.on the line of intersection of the plane of tle
disk and the meridian plane of the sphere through the ori-
fices 1 and 2. After the dctermination of the value of kg
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from the manometer readings h,;, hy, and hy by the ro-
lation given above, there is determined from the calibra-
tion curve the angle 8 corresponding to this value of
kge There are furthermore obtained from the calibration
curve the velocity coefficients k, and kz. The specd
and pressurec energy is then obtained from the relations

c® hy - h c
S22 720 ana 2oy -k, —
Y

o=

285 kp -k,

The velocity ¢ thus determined is split up into three
components cCx, Cys and ¢,  at right angles to one an-
other. The <c, component is parallel to the longitudinal
axis of the test length and 1is considered positive in the
direction of the main flow. In the plane at righg angles
to it are the ¢y and ¢ axes. Their positive sense is
taken in the usual manner so that the rotation from the
positive cy axis to the positive ey axis gives a right
hand screw direction to the positive ¢5 axis. From the
measured angles o, 8§, V¥, and the determined velocity ¢,
the velocity components are computed from the relations

ey = c(cos 6 sin a cosV¥ = sin 8 sinV ),
cy = -c(sin & cosV¥ + cos & sin o sinV¥ ).
cgzg = ¢ cos 8§ cos a

Concerning the effect of the shaft of the sphere on
the velocity measurcment, the following may be remarked.
In the most unfavorable casc, that is, in the measurement
of the velocity at the lowest measuring positions of the
circular cross section ¢f the transition pieces, the 9-
millimetcr diameter shaft obstructs the cross section over
a length of approximately 180 millimeters. This means
therefore a reduction in area of the total section of about
16.2 cm?, which is 5.6 percent. The sphere was calibrated
by the method described in detail in the paper by Krisam
(reference 6) and also for a circular pipe of 190-millimeter
diameter, the shaft extending 55 millimeters into the cross
sections The comparison velocity and comparison pressure
were measured with a Prandtl tube whose shaft extended di-
ametrically opposite the sphere also 55 millimeters into
the cross section. The distances of the pressure slot and
the dynamic pressure orifice from the shaft of the Prandtl
tube correspond to that required in the Handbuch der Ex-
perimental Physik (reference 7). The dimensions there in-
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dicated are such that the effect of tube shaft on the meas-

‘urement of the dynamic and static pressures is eliminated

and there may thus be obtained the true velocity at a point.
It is of importance to see that in the calibration of the
sphere apparatus there should be a similar decrease in area
by 10 em® = 3.5 percent. The effect of the sphere shaft on
the velocity measurement therefore involves in the most un-
favorable casc a decrease in area of 6.2 cm2. In order %o
test the effect of this the velocities in the pure circular
cross ection were measured first with the sphere and then
with a small pitot tube of 2 mm shaft diameter. The two
velocity distributions thus obtained show a very good agree-~
nent from which it may be concluded that the effect of the
sphere shaft on the velocity measurement is negligible,

Also the pressurec measurcment carried .out with the aid of
the sphere gave for each point of the circular cross sec-
tion the same pressure and hence led to the conclusion that
the shaft of the sphere is also without effect on the pres-
sure neasurement. As mentioned in the paper by Krisam the
sphere gives erroneous values in the neighborhood of the
wall., The velocities and pressures are measured too high
there and the measurements of the angles also disagrece.

The causes for these errors are first, the fact that
the velocity distribution in the neighborhood of the wall
is disturbed by the sphere and particularly the fact that
the sphere 1s located in a region of large velocity drop,
so that very different velocities are found at each of the
orifices of the sphere. At such points therefore the ve-
locities were measured with a small pitot tube (fig. 7),
the static pressure being taken at the same time at the
pressure orifices at the wall. Also in the nmeasurcment of
the velocity in the neighborhood of the wall in those
cross sections in which the pressure varied over the pe-
riphery of the cross section of the static pressure of the
wall orifice was differentially connected to the dynamic
pressure at the other end of the micromanometer and then.
the reading measured with the sphere instrument, corrected
to the corresponding actual static pressure at the point
under consideration. In the measurement with the pitot
tube, the latter was placed in the support in the position
of the sphere shaft. In order to be able to measure the
velocity in the same plane, -the pitot tube was bent in the
form of a hook., With this instrument, it is possible to
take velocity measurements at points having a pinimum dis-
tance from the wall of 1-1/2 nm. As an indication of the
accuracy of the velocity measruements, it nay be saild
that the discharge V given by the continuity law 7V =
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F cym (cyp 1is mean velocity through section) at the
various measuring scctions F gave the same valuc with
a2 deoviation of £0.75 percent.

IV. THE TRANSITION PIECES

Two transition picces were investigated. Both have
the following principal dimensions as may also be seen
from figurcs 8 and 9:

Diametcr of circular section: 190 nm
Rectangular section: 238 X 119 mm=?

The transition length, that is, the distance betwecn the
fully built-up circular and rectangular scctions, amounts
in the case of the first transition piece I to 440 milli-
nmeters and in transition piece II to 110 millimeters.

A circle may be deforned into a rectangle of the
sane arca along a straight axis in an infinite number of
ways. From the condition, however, that there is a flow
nediun through the scctions the nunber of possible defor-
nations beconcs strongly limited. The main condition to
be satisfied by the transition piece is that the transi-
"tion be uniform and continuous along the cntire length,
that is, that it follow a definite law of deformation, so
that there be no discontinuities in the transition fron
one scciion to the other and cach internediate section
possess the same area.

The transition length for piece I is so chosen that

the angles between the axis and the walls of the transition

piccec remain bvelow 5°. On the other hand, the angles of

transition picce II, on account of the shorter length, may

reach a valuc up to 19°., The latter transition piece was
mostly for the purpose of investigating whether, because

of local negative acceclcrations, separation from the wall
oceurs in spite of o constant mean velocity. The law of

deformation according to which the circle is transformed
into the rectangle will be explained with the aid of fig-
ure 10.

There are Tfirst shown the initial and end cross sec-
tions. It is readily seen that the vertically hatched

arecas 2A subtracted from the circle are equal to the hori-
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horizontally hatched areas 2B added to the rectangle.

‘Seven iitermediate cross scctions are indicated for form-

ing the transition piece. 'The contours of ‘these gections
were obtained in the following manner. Arcas A and B

werc divided into eight equal partial areas as shown in
the figure. The lines Joining the corresponding division
points give the contour. Qf an intermediate cross section
(fig. 10, where this construction is shown for the middle
cross section 5). The partial areas subtracted at the
upper and lower sides are added laterally to the circle,
so that each intermediate section has the same area as.the
initial and end section of the transition piece. The sec-
tions finally obtained are shown in figure 8 with .the only
difference that the edge arising at T is somewhat broken,
the areas, of course, still remaining the. same.

The transition pieces were cast of silumin since the
latter gives a very smooth surface and retains its shape
very well., Both of these propertics must unconditionally
be required of the material used for the casting since it
is subscquently impossible to work the inncr surfaces of
the transition piece, the surfaces being merely smoothed
over with glass paper. On the upper sides of the transi-
tion picces arc cast the scats a (figs. 8 and 9) to which
the velocity apparatus may be screwed on and extended
through the milled slots s at the various cross sections.
The slots of those cross sections at which no measurements
werc taken werc made airtight by accurately cast lead cov-
ers. At thc ends of the transition pieccs themselves are
the inital and end cross sections 200 millimcters apart, so
that transition piece I has a total length of 400 + 2 X 200
840 millimecters and piece II a leangth of 110 + 2 x 200 =
510 millimeters. Transition picce I is provided with 11
neasuring sections and hence with 11 seats with slots,
whereas transition piece II posscsses five measuring scc-
tions. Laterally and at the under sides there are located
"eyes" au at each sccond section of piece I and at ecach
section of picce II, which are provided with orificcs b
and tubes ¢t for taking the static pre¢ssure in measuring
the velocitics in the neighborhood of the wall with the aid
of the pitot tube.

It was first neccessary to test the cast trans1t10n
pieces for their suitability for the tests under consider-
ation., It was particularly necessary to investigate
whether the required cross sections agreed with those of
the actual transition pieces and whether the arca was con-
stant as required. For this purpose each cross section of
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the transition pleces was measurcd and plotted with the
aid of a caliper instrument. This instrument consisted

of a pointed metnl rod st whiech is inserted in the
support h of figure 4 in place of the sphere shaft s,
figure 1ll. It is then possible to mcasure the lower and

a portion of the lateral parts of the cross sections ac-
curately by reading the angle with the scale m and the
depth of insertion of the rod. To measure the portion of
the cross sections not reached with the straight rod,
there is provided a hooked point sp as shown in figure
1l. The areas of the sections thus measured out and plot-
ted were obtained by a planimeter and are given in tables
1 and 2., The cross sections of the circular and rectan-
gular entry and cxit runs all had an area of 283.0 cm?®,

As may be seen from the above tables the maximum devia-
tion from the reguired area (F = 283.0 cm2) was about

5 em2, which corresponds to an error of 1.8 percent. These
inaccuracics must be reckoned with since hardly any greater
accuracy could be cxpected with the pieces thus roughly
cast and not worked ovar.

5, THE TEST PROCEDURE

"Corresponding to the normal output of the blower,
the tests for the two transition pieces investigated were
carried out for a Reynolds Number of about R = 192,000,
the latter being computed in the case of the transition
circle ———s rectangle for the fully built-up circular

cross section with dliameter d = 0.190 m and for the
transition rectangle——— circle for the fully built-up
rectanrgular cross section with width b = 0.238 m and

height h = 0,119 m. Corresponding to this circle diam-
eter and the hydraulic diameter dh computed from the

relation dp = 4 F/U = 0.1586 m (F = arca and U = wetted

perimeter of the section) therc is obtained Ffor approxi-~
mately equal Reynolds Humber R = Crp a/v or R =

c dh/v = 192,000 for the transition circle —w rec-

Zn
tangle a mean air velocity of Cpp = 14,0 m/s and for

the traasition: rectangle——mscircle Cy,, = 1643 n/s.
The kinematic viscosity v of the air was assumed to be

13,6 x 1076 n®/s.

In order to have a measure for the quantity of air
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»

discharged there is a Prandtl tube p located at the

"sections.-shown in figures 1 and 3 in the pipe axis. It

was found by velocity measurements in séction 10 ‘that -
this apparatus for normal dlscharge of air for the case
of the transition circle ——s rectangle shows a velocity
of 17 mf/s and for the transition rectangle ——> circle a
velocity of 20.3 m/s, In view of the small size of the
direct current rectifying neitwork from which the motor
driving the blower was fed, theo rotational speed depended
on the loading network, so that at irregular time inter-
vals different velocitics with different discharge quan-
tities were obtained which remained constant for some.
length of time. In order thereforc to obtain a constant
air flow for determining the velocity and pressure dis-
tribution in a section of the transition piece, it would
have been necessary to vary the ficld of the motor by a
resistance to correspond with the change in rotational
speed. In order to avoid the necd for this continuous
regulation, the velocity and pressure measurements were
carried out by the following method.

In measuring the velocity ¢ and the pressure p
at any point with the aid of the pressure sphere the ve-
locity cgy was rogordod with the aid of the Prandtl
comparison instrument simultanecously with the three micro-
manometers giving the pressure heads at the orifices 1,
2, and 4, A ratio c/cgy may be determined directly from
this measurement. By checking, it was found that this
ratio c/cst gives for a definite measuring point a value
which is constant for discharge quantities that are about
10 percent higher or lower than the normal discharge guan-
titye Similar velocity distributions were thus obtained
for all point at which the velocity was measured with the
sphere, Also, for the points in the neighborhood of the
wall where the velocity was obtained with a pitot tube
c/cst was obtained as a constant ratioc for the same
point, so that it may be said that the velocity profiles .
at the measuring planes of each cross section remained
similar in spite of the change in the Reynolds Number in
the given region. To determine the velocity distribution
at the various cross 'sections, the ratio cz/csta or,
taking the square root, C/Cst. wag thoroforc directly
determined from the monometer readings for the measuring
point under consideration. From this was obtainced the
absolute value .0f the velocity for constant mean velocity
Czp for the transition circle-——» rectangle, according
to the relation e= 17 c¢/cgys for the transition rectan-
gle ——> circle the relation is e = 20.3 c¢fcgye
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For determining the préssures, three pressure and
velocity measurements for three different discharge quan-
tities were taken at each measuring point. The speed of
the motor was so regulated that the blower first drew in
the normal quantity of air and then quantities 10 percent
higher and lower, respectively. Corresponding to the
values of cstg/z g in mm water, the pressure heads were
measured with the sphere and graphically plotted. This
gave for all measuring points a straight line. Taking
into account the atmospheric pressure prevailing on the
day of the test and the moisture of the air and its tem-~
perature, the reading corresponding to the mormal air
guantity for cstz/z g in mm water was computed from the
following relations. In the transition circle ——> rec-
tangle, the velocity head of the tube corresponding to
the normal discharge cgqt2/2 g = 172/2 g = 14.75 m air
column.* This value, recomputed from the relation
c 4°/2 g = 14.75 x 1000 %ﬁ gives the required dynamic
pressure for that particular day at the Prandtl tube in
mn water for the normal quantity of air flowing through
the pipe (Yp, = specific weight of the air, Yy = specific
weight of the water). It is then possible to obtain the

pressure in mm water from the graph. This pressure must
be converted in meters of air from the relation p/Yp =

L . .
P/YW/YL 1000 since only the pressure head expressed in

meters of air column measured at the same point on days
with different YL gives a constant value. The same com~

putation procedure was applied to the transition rectangle
— s circle for a velocity head cgt2/2 g = 20.32/2 g =
21,1 m air column for the determination of the pressure.
This method of measuring the pressure has yet another ad-
vantage in that it provides for cach measuring point a
mean value from the three rcadings for the determination
of the angles and the ratio c¢/cgy and so the constantly
occurring small reading errors cancel,

With regard to the location of the measuring points
at each of the cross sections, it is to be observed that

*For these small pressures, it is convenient to indicate
the data in meters air column.
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they all lic on parallels to two perpendicular axes. The
-axes: aro the lines of symmetry of each cross section, their
position being determined from the cross scction contours
found with the aid of the caliper apparatus: The number
of measuring points wasg chosen in such a manner that at
positions with rather flat veloecity profiles, that is,
small velocity drops, the distance between the measuring
points amounted from 1.5 $o0 2 mm. In those parts of the
cross sections where secondary flows were to be expected,
the distance betwecn tho points was madé smaller. As an
example, figure 12 gives the arrangement for the lower
halves of scctions O and 10.

With regard to the numbering of the straight lines
parallel and at right angles to the axes, it is to be ob~
served that at cach cross section lines having the same
distance from the axecs arc assigned the same number and
therefore all lic in the same mcasuring planc which isg
parallel to the principal axis of the transition piece and |
at right angles to ono of the two axes of cach cross scec-
tions The letter a following a number indicates that
.this linc is 5 mm distant from the line having that number.
Thus, for example, the measuring line la is 5 mm from the
line 1. The letter b indicates a distance of 10 mm and
¢ a distance of 15 mm., Lines with two successive numbers
and no letters have a distance of 20 mm apart.

In the tests the result was found that in each sec-
tion both for the transition circle———s rectangle and
rectangle e circle the velocitics occurring at all at-
tainable measuring points werc exactly as large as at those
symmetrically located with respect to them in another quad-
rant of the cross section. Only at the measuring points
very acar the location of the measuring apparatus did small
deviations appcar. Also with respect to the velocity di-
rections no cssential differences could be established in
the various quadrants of the cross sections., In several
intermcdiate cross scctions therefore, only the veloecity
and pressurc distribution in one fourth of the cross scc~
tion was measurcd and the symmetry checked by random tests,
For this reason, in prescnting the test resulits in the fol-
lowing sections, only the velocity distributions for a
fourth of the cross scetion will be given.
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Vi. THE INITIAL PROFILE IN CROSS SECTION 10 OF THE
TRANSITION PIECE FOR THE FLOW DIRECTION

CIRCLE —> RECTANGLE

The velocity profile for the circular cross section
10 in the flow-direction circle-——» rectangle denoted
in what follows by O —> R(I) and C——> R(II) is the
same for all radial planes of the two pieces and thus
possesses rotational symmetry. The profile is shown in
figure 13, It was proven that this profile represents the
fully developed turbulent condition. In order to make a
comparison with the measurements of other authors, the
velocity distribution was checked, using the Prandtl mix-
ing length relation (reference 8)

1 = I/dcz
p/ dn
(1, mixzxing leangth; p = Y/g, density). Taking into account

the linear drop of the shear sitress Tt as a function of
the distance mn from the wall according to the relation

T r - n
TO r
(o, shear stress at the wall; r, pipe radius) and sub-

stituting the pressure drop in the direction =z of the
pipe axis into the relation

dp
T = ot
° dz

s

there is obtained the distribution of the mixing lecngth
shown in figure 14. For the distribution of the mixing
length, Prandtl gives the following formula

2
L o0.1a - 0.08<1 -11> -o.oe<1-—ﬂ>
r r r

4

In comparing the values of 1/r, computed from the above
formula with those found from the measurement, very good
agrcement is obtained,
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If it is desired to give the velocity distribution
~directly by means of an exponential law of the form
cz/cst = a nl/n (2 1is constant; n, distance from ihe»
wall; 1/n, exponent), the logarithm of c,/cgt ig

plotted against the distance from the wall as abscissa
and the exponent 1/n found,in the usual way, as shown
in figure 15. (In order to obtain positive wvalues, the
arguments of the ordinates are multiplied by 10.) From
the slope of the straight line in figure 15, which is
drawn from the initial profile of figure 13, the value of
the cxponent may bc dircctly obtained as 1/a = 1/8.3.
This value, toc, agrecs well with the mecasurements of
other authors. :

That both the mixing-length distribution and the ex-
ponential law agree with the measurements of other experi-~
menters is another confirmation of the fact that at the
entrance to the circular cross section of the transition
piece, the turbulent velocity profile is fully built up.
In addition, the conclusion may be drawn that the transi-
tion has no effect on the velocity distribution in sec-
tion 10.

VII. THE FLOW IN THE ENTRY RUN OF RECTANGULAR SECTION

As already mentioned, in the case of the transition
rectangle ————> circle, denoted in what follows by R——>
C(I) and R-——>C(II), it was first necessary to estab-
lish whether at the entrance to the transition piece there
was g fully built-up turbulent velocity distribution. For
this purpose it was necessary to obtain the velocity dis-
tribution in several cross sections of the entry run of
pipe in order to see from the comparison whether and where
a position occurred from which position on the velocity
distribution over the entire cross section no longer var-
ied, that is, whether the initial run of pipe was long
enough. PFor the sake of completeness and in view of the
lack of such measurements in entry runs of rectangular
cross section, the velocity profiles were measured along
the entire length of the run at the sections indicated in
figure 16, the measuring apparatus used being the pitot
tube of figure 7., The attempt to use the sphere apparatus
encountered difficulties since the fluctuations of the
. fluid columns in the three micromanometers, particularly
in the measurement of the cross sectlons with short entry
rungs, were so large that the readings became too inaccurate.
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As a result of the difficultics, considered more in
detail in section VIII, which arose in following the de-
velopment of the veloeities im a spatial flow, it was
found best also in this case to present the conditions
in the various cross sections in the form of "isotachs™
(cz/cgy ©Or cz/cmax = constant). The measured velocity

profiles in cross section O may be seen on figure 17
whercas the isotach diagrams for all cross sections in-
dicated in figure 16 arc given in figures 18 to 26.

It may be seen that at cross section I nearest the
"entrance (fig. 18) there is a sufficiently uniform veloc-
ity distribution over the entire cross section with a
rapid drop toward the wall as may also be expected by
analogy with the tests of Kirsten (reference 5) in entry
runs of circular cross section. PFor after such a short
path of 1.55 m = 9.5 d in the pipe the particles of air
further removed from the bounding walls are not yet af-
fected by the shear stress in the neighborhood of the wall,
In cross scction II (fig. 19) there will be found, though
only in a small region in the dircct vicinity of the
cdges, that behavior first established by Nikuradse (ref-
ecrence 9) for the built-up turbulent flow in rectangular
pipes. From this phenomenon, according to which at some
positions particles farther removed from the wall have
smaller velocities than those closer to the wall, Nikuradse
dorivced the conclusion that in turbulent flow in pipes of
noncircular cross scction secondary flows are superimposed
on the main flow. An cxplanation for the origin of such
secondary flows at the ecdges of a cross section has been
given by Prandtl (reference 8) which will be briefly re-
viewed here. Prandtl concludes from the above-mentioned
facts that in the case of turbulent flow, there exists, in
addition to the to-and-fro motion in the direction of max-
imum velocity drop, a still stronger to-and-fro motion at
right angles to it, that is, in thc direction of the iso-
tachs. If this is the case, then it immediately follows
that centrifugal forces thereby arisc on the particles which
move up and down along the curvatures of the isotachs.
Thesec forces always point toward onc direction, namely the
convex sidos of the isotachs and arc stronger the greater
the curvature of the latter. The result is that the par-
ticles move outward along the angle bisectors of the cor-
ners of the cross scction whereby the particles located at
the corncers are forced, for rcasons of continuity, to devi-
ate first laterally and then inwardly (see fige. 27). Since
the particles flowing toward the corners possess a relative~
ly large axial velocity, whereas conversely, the outwardly
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flowing particles as a result of the friction at the wall

“"have a smaller axial velocity, this explains the unexpect-

ed appearance of the veloecity profiles and hence the 1so-
tachs., The question as to the reason for the turbulent to-~
and-fro motion in the manner described is not answered vy
this consideration of Prandtl.as it leads to the more com-
prchensive question of the origin and inner mechanism

of turbulence in three dimensional flows and this in the
present stage of our turbulence investigation must still
remain unanswered,

Returning to the consideration of the development of
the isotach curves in the entry run, it may be found in
cross scction III (fig, 20) that the strong indentations
of the isotachs at the positions where the particles are
pushed inward have entirely disappearecd. On the basis of
the Prandtl theory, this phenomenon may be explained by
the consideration that the particles with relatively small=-
er axlal veloclities with increasing pipe lengith are pushed
aside into the interior of the flow and replaced by par-
ticles which have larger axial velocities. In cross sec~-
tion IV (fig. 21) the secondary flow has taken in a greater
region at the edge so that at points whose distance is
about 20 mm from the wall the effect is already evident.
The particles with relatively smaller velocities pushed
toward the interior of the cross section apparently gradu-
ally give rigse to the indentation of the isotachs that
herctofore were not affected by the secondary flow, so
that by the decrease in the radius of curvature the secc-
ondary flow may also be built up there. This process con=-
tinues (see cross section V, fig. 22) until all instabil=~
ities in the flow have disappeared. It is in cross section
0 (fig. 26) that the built-up turbulent velocity distribu-
tion 1s first found, therec being superimposed over the en-~
tire flow sccondary flows that include a large region of
the cross section., As may be seen from the bpuilt-up iso~
tach curves at a section with shorter entry run, there is
no isotach picture that entirely coincides with that of
section 0, so that the correcitness of the statement that
the profile of section 0O represents the fully dbuilt-up
turbulence still remains to be proven. This proof may be
given as follows: At the entrance to the initial run
there was built in a honeycomdb similar to that in the clrecu-
lar iaitial runin she transition c¢ircle-——> rectangle.

In this wanuner the reguired initial run was shortened, so
that in section VII a velocity distribution could be es-
tablished which no longer varied with increasing length of
run and which agrees with that of cross section 0O measured
without honeycomb, '
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For a further characterization of the velocity devel-
opment along the entry run without honeycomb, there was
plotted the ratio of the mean velocity to the maximum in
the pipe axis as a function of the length of run. (See
fige. 28.) As shown by the figure, this ratio drops sharp-
ly from the value czm/cmax = 1.0 at the beginning of the

run and this corrcsponds to equal velocity over the entire
cross scction and then attains in cross section II and in
the following cross sections up %o section VI, so long as
the secondary flows arc restriced to the corners, an al-
most constant value. From section VI on,thec secondary
flow gives rise to a change in the maximum velocity until
the latter maintains a constant value from section VIII on.
The first change in the ratio czp/cepax i thus essen-

tially produced by the pure friction effects at the wall
whereas the subsequent lowering of this ratiomay bec as-
cribed to the effects of the turbulence of the flow,

In order to check whether the velocity distribution,also,
at lcast in the neighborhood of the walls of the individual
cross scctions of the entry run, may be cxpressed by a sim-

. PR PR ]./
ple exponential law of the form c,/cgy = a 0 (where n
is the shortecst distance from the wall), there was rlotted
by the method already described in section 6 (fig. 15), for
all the measured profiles in the measuring planes indicated
in figure 12, the logarithm of 10 c,/cgt against the log-

arithm of the distance from the wall (fig. 29). In most
cases a straight line could be drawn through the points
thus obtained and the existence of a law of the above sim-
ple type established. The values of n for the differcnt
profiles are given in table 3. Most of the valucs there
indicated are valid up to a distance from the wall of 15
millimcters. With increasing length of entry run, the ve-
locity distribution is well representcod by these values
for an increasingly larger region of the cross-section
arca. The dashes in the table in the case of some pro-
files indicate that for the latter no simple law could be
establisheds These are the positions at which the second-
ary flows gave rise to particularly extreme velocity rela-
tions at the wall. The development of the secondary flow
is especially responsible for the often irregular succes-
sion of the exponents in the various cross sectioms. In
the case of the fully built-up velocity profile in section
0, it was possible to estadlish throughout the value 1/7
for the cxponent in agreement with the measurements of
Nikuradse (reference 9). The mcasure of the accuracy and
the region of validity of this 1/7 power law arc indicated
in figure 29,
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In concluding this section, there will also be given

“the -drop ‘in pressure head.along. the entry run, that is, in

the =z direction., For measuring this -drop, three orifices
are made at each section (b in fig. 8), one at the center
of the bottom and two at the side walls of the rectangular
pipe. The pressure readings of the three orifices gave
very good agreement among themselves for each cross section.
Pressure measurements at the interior of the cross sectioms
were not taken, on account of the difficulty mentioned of
applying the sphere apparatus. In figure 28 for an air ve-
locity ¢y = 16453 n/s, the change in the pressure head h
in n of gas column is plotted against the entry length., The
pressure head for the length of run 0 is obtained by compu-~
tation. Assuming for this pesition that the nean velocity

Czp = 16,3 m/s cxtends over the entire cross section, there
is found then, according to the Bernoulli law,
2
Cz
P oo-—2 2 13.6 m gas colunn
Y, 2 g

As nay be seen from figure 28, the value so obtained fits
in very well with the pressure head curve, the latter be-
ing almost straight. Only for the first half of the entry
run 1s there found a greatcr steepness in the curve and
hence a somewhat larger pressure loss. This additional
loss is due mainly to the fact that the mean velocity head

2

increascs from the value < 22 ) = 13.6 n gas column at
& .

in the inital section to the value 15.4 meters air column

at section VI. PFrom section VI to section 0, there is no

further rise. The ncan velocity head is deternined fron

the following relation

F

2 P
C:Z 1 CZB 1l }Czs
< ) == [ v = af =
2 g 7’n v 2 g Can¥ . 2 8
4 g f:c’z's
= dx dy
Can¥ | 2 8

where V and F have the neaning already indicated and
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x 1is the distance from the midpoint of the velocity pro-
file, measured along the horizontal lines,and ¥y 1is the
distance from the midpoint of the velocity profile meas-
ured along the vertical lines (fig. 17). The evaluation
of this double integral was obtained graphically. The
loss coefficient Aan at the position of the entry run

at which the turbulent velocity profile was fully estab-
lished is »>btaincd from tho relation

n o &b 1

an
dz U sz
4 F 2 g

2

and is found to have the value Ay, = 0.0173, dh/dz de-
noting the drop in pressure head inp the 2z direction.

A further and more detailed investigation of the ve-
locity and pressure relations in the cnitry run was dis-
penscd with as this would have carried the work beyond the
present limits. .

VIiII. THE MEASURED VELCCITY AND PRESSURE DISTRIBUTION

IN THE TRANVSITION PIECES

To present the test results in such a manncr as to
bring out the development of the velocity distribution in
the individual cross sections of the transition picces
ig found %to be not a very simple problem. The profiles
measurcd in the same measuring plane at the differcnt cross
sections have different base lengths as a result of the
deformatione In order to be able to compare such profiles

with one another the veclocity ratio c,/c is usuall
2/ "Zmax

plotted against the nondimensional value x/b, where X
is the distance from the profile midpoint and b denotes
half the profile width., By making this plot for the com-
parison profiles, it is then possiblc to say whether any
initial profilc for the case investigated becomes flatter
or steeper. By this method FNikuradse and D¥nch (refcr-
ecnces 1 and 2) plotted the profiles for convergent and di-
vergent rectangular channels and compared them, thereby
cstablishing the fact that velocity profiles of flows in
diverging channels always become steeper toward the center
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whereas, in corverglng channels, they become flatter than
in the case of-parallel flow, .a phenomenon which may be
expected also in such cases from a consideration of the’
Bernoulli law.

The assumption underlying this procedure is that the
b

3
expraession {//cz dx for the profiles to Be compared should

have tho samg value, that is, that the discharge per second

should be the same. This requirement is taken into account
in the above-mentioned works of Nikuradse and D8nch insofar
as their investigations were restricted to parts of the
flow very close to the main axis of a rectangular section
and so far removed from the boundary walls parallel to this
axls that the flow built up there is practically plane . and
the quantity flowing through the recgion under consideration
remains constant. This, however, is not true in the pres-
ent case, since at all scctions of the transition picce the
flow is three~dimensional. For this rsason, a direct com=—
parison of the different profiles in a mcasuring plane is
not possible. It ig necessary rather to consider the ve-
locity distribution over the entire cross seection. The best
indication of the veclocity distridbution and its variation
by the cross-section deformation is therefore provided by
the isotachs (cy/cpax or cyfcgt = constant) at the var-

ious cross sections, as was already found to be the case

in the discussion of the velocity distribution and its de-
velopment in the initial rectangular run. This method also
leads to the possibility of characterizing the velocity
distribution in the manner shown by the curves in figures
61 and 62, where the method of presentation employed for
plane flows is applied to three—~dimensional flows. These
curves will be discussed more in detail later.

Tables 4 and S'give as cxamples the manner of evaluat-
ing from the results of the sphere measurements the three
volocity components Cx» Cy» and c¢,, for the cross secc-

tion 5 in the transitions C - R(I) and C—>R(II).
Figurcs 30 and 31 give the plots of the cy and cy com-

ponents. These curves show nothing surprising and their
shape is at least qualitatively as expected from the result
of the change in shape at the walls, provided, of cource,
no scparation takes place. The particles flowing in the
neighborhood of the - -principal axis are the least affected
by the change in direction and therefore have the smallest
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X
gradually toward the wall and attains its maximum therec.
Correspondingly, the ¢y -and Cy components increase with
decrecasing distance from the wall and drop to zero when
very close to the wall since herc the resulting velocity ¢
must also be zero.

c and Cy componcnts, The deflecting effect increasecs

Figures 32 and 33 show the plots of the ¢, compo-

nents ziven in tables 4 and 5 for the various measuring
planes and on the same figurces arc also indicated for com-
pleteness the velocities mcasured with the pitot tube in
the ncighborhood of the wall. From thesc it is possible
to obtain direcctly the isotach diagram for these cross
sections (figs. 36 and 43).

For all four transiftion picces investigated, the maxi-~
mun velocity at the axig of the transition piece remains
constant and the isotachs for the cross scctions are so
drawn as to join points of cqual value of CZ/CMaX. For

normal flow, the value of cpaox 1is 16.4 m/s for the tran-

sition circle ———s rcctangle and 19.5 m/s for the transi-
tion rectangle——s circle., It is superfluous to indicate
for all cross sections the velocity distribution in the
same detail as that for section 5 of the trangition C—s
R(I) and C—R(II). As already remarked, the cx and
Cy distributions show nothing unexpected so that the in-

dication of their values for each cross scction may be dis-
pensed withe For thc same recason, it is not nccoessary to
give the measured ¢, and c¢, components for the transi-

tion R—C(I) and R —>0C(II)s Only the development
of the ¢, distridbution as a result of the transition is
of interecst and will therefore be described. In figures

%4 to 38, 41, and 48 to 55, are given the isotachs for the
two tronsition pieces and flow directions. The deveclopment
of the velocity distribwbion in the exit runs may be seen in
figures 39, 40, 46, and 47. With regard to the latter, it
is to be observed that the rectangular cross sectioan III

is at a distance of 2.0 m from scection O and scction IV at
a distance of 4.2 m. The circular cross sections 13 and 15
indicated in figures 46 and 47 arc respectively at the dis-
tances 2.5 and 4.5 m from cross scction 10,

. In the case of built-up turdbulent velocity distridu-
tion ia the entry run, threc offects may be expected to
operate on the velocity distribution in the transifion
piccess :
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q;s The 1ocally arlszng retardatlons aad accelerations.
2. The change in the turbulence mechanism. )

3., The change in the ratio of the area of cross sec-
' tion to the friction boundary of the section.

As may be seen, particularly from the isotach diagrams
for the transition piece II, the local retardations and ac-
celerations have a large effect. In both transition pieces
these offects arise in the sections 9 and 1, In the latter
sections the flow which possesses only axial components ¢,
must either undergo transition to a flow which possesses
also ¢, and Cy components or a flow with all three com-

ponents must be converted into a purely axial one, depcnd-~
ing on the direction of transition. To obtain =a changeo
in-velocity pressure, differences are rcequired as is known
across the velocity dircection. To understand the develop-
ment of the isotach curves, it is therefore necessary to
have the accurate predgsure distribution at each cross sec-
tion of the transition piccese. This distribution, as pre-
viously mcntioned, was also measurcd with the spherc appa-
ratus and is given on figures 56 to 60 for the transitions
C—> R(I) and C——>R(II)., The pressure distributions for
the transitions R-—=C(I) and R C(II) have fundamen-
tally the same appecarazce, so that they neod not be given.
On these figures arc shown the isobars, the numbers at cach
curve giving the reduced pressure heads in meters alr column
for a flow of air with.mean velocity of cgzpn = 14.0 m/s.

In the case of ftransition piece I, different pressures at
different points of the same section are found only for the
sections 9 and 1 (figs. 56 and 57). PFor all other interme-
diate sectionsg of transition piece I, no differences in
pressurce were found over the same section. From the dis-
cussion given below of the dcvelopment of the isotach dia-
grams in transition piece I, it will be seen, however, that
in the cross sections immediately preceding and following
sections 9 and 1 near the walls there must be a small pres-
sure rise or drop as an effect of the deflection of the flow.
The aftereffects are stronger in the more steeply builst
transition piece II (fig. 59). As a result of the stronger
deflecctions in the case of transition piece II, higher pres-
sure difforences arisc over the cross scetion gsituated at
the deflecting position, which still show up so strongly at
section 5 that no unigue constant pressure could be mcas~-
ured over the entire croses section. Cross gsections O and

10 of transition piece II are again so far removed from the
deflccting position that for these a distribution with con-
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stant pressurc could be obtained for both flow directions.
Also, there should be observed, with regard to the pressure
distributions, that they have the typical appearance to be
expected. At each cross section at which there is a deflec-
tion, four pressure regions are dbuilt up along the wall,
nanely, two low and two high pressure regions as compared
with the pressure at the center portions of the cross sec-
tions. These high and low pressures are of different mag-
nitude, depending on the measuring plane in which they are
considercd, since deflections of varying magnitude occur
in the different neasuring planes. Thus, for exanmnple, in
section 9 of the transition C—sR(I) and C—=>R(II), the
particles lying in the measuring planes 5, 6, and 7, nust
be nore deviated than those in measuring planes 4 and 8.
For this reason, the high pressuresarising at the wall in
neasuring planes 5, 6, and 7, are greater than in 4 and 8.
The same considerations can also be applied for the nega-
tive pressure arising at the side walls., In the interior
of the cross section there are superimposed, according to
the position of the point considered, the effccts of the
positive and negative pressures, so that a resultant pres-
gsure distribution is built up there,

IX, MORE DETAILED CONSIDERATION OF THE VELOCITY DISTRIBUTION

Figures 35 to 40, 42 to 47, 49, and 51, show first of
all that the isotachs adjust themselves very rapidly to the
new cross section contours. Particularly do the isotachs
in the immediate neighborhood of the walls follow the con-
tours of the cross sections closely, even at the corners,
whereas those more at the center are naturally not so strong-
ly affecteds An exception is formed in the case of the iso=-
tachs in cross sections 1 and 9 for the transitions (6 ——
R(II) and R ——s C(II) (figs. 48, 50, 52, and 54). 1In
the case of the latter cross sections the large pressure
differences due to the strong flow deflections result in a
completely different behavior., Thus, for example, in the
transition € ——— R(II), the air in measuring planes 12,
13, or 14, flowing into scction 9, meets a region with
greatly lowered pressure and therefore the velocity head
incrcases. Relatively high velocities arise thercfore at
the wall also, so that a very rapid velocity rise takes
place from the wall to the interior of the section. The
reverse 1s true for the air in the measuring planes 4, 5,
6, 7, etc., wherc, due to the deflection, there ariscs
at section 9 a high pressure as compared with that at the
center portions so that the air particles must give up
kinetic encrgy in order to be pushed inte the region of
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higher pressure. This explains at lcast qualitatively the

©very slow-rise of .the. velocity as shown by the isotachs.

This phenomenon, according to which the veloeity distridbu-
tion in the case of accelerated flow becomes flatter and,
in the case of retarded flow, sharper, is in full agreement
with the test results already mentioned of Nikuradse and
D8nch for plane flow.

Similarly, the irregular rise of the velocities at the
wall is to be ascribed to local retardations or accelera-
tions, as was found for cross sections 7, 5, and 3, of the
transition C-——> R(I) (figs. 35, 36, and 37) and in
cross section 5 of the transition C—— R(II), depcnding
upon whether the velocity distribution considered is in a
horizontal or perpendicular measuring plane, As already
remarked, the pressurec does not immediately equalize after
the deflecetion, so that also In the cross sections follow—
ing the deflection cross section, accelerations and retar-
dations occur. However, in cross section 5 of the transi-
tion C~—~———> R(I), there already hardly appear pressure
differences over the cross section. The isotach diagram
nevertheless shows also for this cross section that at the
side walls the velocity drop 1is smaller than at the bottom
wall while it would be expected that the conversion of the
kinetic encrgy into precssurc energy and coaversely ends
there so that at all positions of the cross section there
is the same velocity rise at the wall. This apparent con-
tradiction finds its explanation in the consideration of
the losses occurring during the encrgy conversions., It isg
generally known that a retardation of a medium along a fric-
tion wall leads to large pressure losses while acceleration
leads to only small losses. Wow such retardations along
the wall occur in the moasuring planes 12, 13, 14, etc.,
in the cross sections immediately following section 9 so
that the flowing particles there lose velocity not only as
a result of the conversion of kinetic to pressure energy
but also through the friction of the wall and there thus
arises an additional velocity losse These effects may
naturally still be observed in section 5. They can only
disappear if new energy can be transported from the
"mealthy" flow in the interior of the secctions to the par-
ticles at the wall. This transport cf kinetic energy can
only take place through the turbulent exchange. This is
confirmed by consideration of the isotach diagrams for the
trensition R—=C(I). It is found that, for ekxample, in
cross section 5 there are no effects in the velocity distri-
bution as a result of retardations along the wall dbut that
the velocity rise in the neighhorhood of the wall is the



28 NeA.C.A. Technical Memorandum No. 903

same along the entire circumference although also for this
transition retardations occur along the wall in the cross
sections ahead of cross sgction'5. This different behavior
is explained by the fact that through the existence of the
secondary flow the turbulence is so strong that the slowed-
up particles at the wall can always be supplied with new
kinetic energy. Tnat the fluctuating turbulent velocities
in the transition rectangle —— circle are greater than for
the reverse transition must also be concluded from the much
stronger fluctuations to which the fluid columns of the micro
nanometers uscd for measuring the velocity were subjected.

From the ‘isotach curves for the transitions R———s C(I)
and R-——>C(II) it may also be clecarly made out that the
secondary flows are gradually destroyed on recediang from
the walls and a new turbulence mechanism comes into play.
The effects of the secondary flows on the isotachs do not
vanish completely, however, until after the flow has passed
through a considerable length of pipe. Thus it may be seen
that even after a circular exit run of 4.5 m the isotachs
in the center portions of cross section 15 still show the
characteristic indentations of the secondary flows. Fron
this it may bc concluded that the velocity distributions in
the intermediate cross sections of a transition piece for
regions not directly close to the wall depend essentially on
the velocity distribution at the entrance. Since the veloc~
ity distribution at the cnd cross section is produced by the
turbulence mechanism acting there, the result may also be
expressed by saying that the change in the entire turbulence
mechanism associated with the change in the cross~section
shape hardly affects the velocity distribution in the tran-
gition plece itself. his 1§ also understandable for the
case of our relatively short transition lengths since it is
known that the turbulent mechanism for example in the flow
through a circular pipe must act on an initial length of
run of about 90 diameters in order to produce a built-up
velocity distribution.

In the present state of turbulence investigation for
three dimensional flows it is uafortunately not yet possi-
ble to give more accurate nunerical data on the changed
turbulecce mechanism produced Dby the transition piece which
data would counsist of the accurate mixing length distribu-
tion and its variation for cach cross scction. For this
computation it would be necessary to extend the shear stress

: 1 o
daw T=p 12( d?z> mentioned in section VI for the two-
n

dimensional case t0o thrce-dimensional flows (references

—
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7, P. 325, and 8). . The law thus extended has not yct been
~tested even .for, fully built-up three~dimensional turbulent
flow as would be necessary before’ application’is made to
varying velocity distridbutions such as those in the transi-
tion pieces. Bven if it werc succeeded in computing the
mixing length distribution according to thc oxtended shear
stress law the truc turbulence. nechanisnm would not yet be
described since through the occurrence or vanishing of sec~
ondary flows further forces arising from the oscillation

of the particles in the direction of the isotachs would be
effective by acting on the flow which forces are not taken
into account by the shecar stress law and for which quanti-
tative information is still impossible to obtain. It is
thercfore evident why the attenpt to give a numerical ac-
count of the turbulence mechanism and its variation due to
tho transition will be dispenscd with here.

For a further characterization there was therefore
enployed the method already applied for two-dimensional
flow, nancly, that of determining the exponents for the
velocity distridbution (cZ conponents) in the neighborhood
of the wall of the various scections for the various neas-
uring plnnes. Thesc exponcnts were found in the samc man-
ner os for the rectangular entry ruas. The wvalucs of the
denoninator n arc collectod in tables 6 and 7 for the
two transition picces investigated and for each direction.
As nay be seen, for all profllcs whosec measuring planes
were sufficlently far removed from the parallel walls so
that there was a unigue distance from the wall an exponent
could be determined at least for the layers next to the
wall. ©No separations from the wall were found for any
transition. PFrom table 6 for the transition OC-——=>R(I)
it may be seen that wherever lccal retardations occur the
exponent 1/n is greater than at the initial profile
whereas for local accelerations it remains the same or be-
comes somewhat smaller., This fact is even more evident
- from a consideration of table 6 for the transition C—
R(II) where for accelerations values such as 1/21.0 occur
for the cxponents and for retardations values such as
1/2.6 while in the initial profilo the value 1/8.3 holds
over the entirc profile. This phenomenon is to somec ex=~ -
tent in contradiction with the measurcments of Nikuradse.
The latter finds in his tests on coavergent and divergent
"channels of small opening angle that the 1/7 power law
obtaining at the initial section is not changed by retar-

dation or acceleration. Besides the fact that the results
" of the two works arc not directly comparadble in this rTe~-
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spect sincé in Wikuradsc's case there was retardation or
acceleration over the entire cross scection whereas in our
casc only local retardations or accclerations with constant
pressure occur over a cross section this difference may
perhaps be cxplained by table 7 in which the exponents are
given for the transition R——> C(I). Therc it will be
found that the exponents in the accelerated or retarded
portions at least for the portions of the wall lying in

the neighborhood of the major and minor axes of the cross
section are not diffcrent but equal to that at the initial
profile. This different behavior as compared with the
transition O——> R(I) is again to be ascridbed to the
secondary flows. Since WNikuradse, as alrcady remarked, in-
vestigated only the velocity distributions in a middle
planc of the rectangular channel and the angles of diver-
gonce were of the same order of magnitude as those of tran-
sition piece I it is possible that the sccondary flows oc-
curring in his casec and hence the increased turbulence
similarly led to the result that for all cross sections in
the middle plane of the convergent or divergent channecl

the 1/7 power ocxponential law was found to hold.

In concluding this scection there will be considered
the offect of the change in magnitude of the friction areas
due to the change in shane of the cross section on the ve-
locity distridbution. Figures 61 and 62 show curves which
werc cbtained from the isotach diagrams the values of

cz/Cmax being plotted azainst the ratio expressed in per-

cent of the area enclosed by an isotach to the cntirc cross
scetion area, the arcas being obtained by planimeter. Conm-
parison of two such curves at different cross sections is
sufficient to show in general whether the velocity distri-
bution over the entirec cross section becomes fuller or more
tapered as a result of the deformation. For the transitions
¢———> R(I) and OC———=R(II) it may be scen from figure 61
that the velocity distribution becomes as was expected more
tapercd in cross scction O. Similarly the flattening of

the veloeity distribution through the transition R—> C(II)
(fig. 62) quite corresponds to the expectation. On the
other hand it is surprising that for the transition R——
€(I) the velocity distribution becomes more tapered, siace
in this casc it would also be assumed that as a result of
the decrcase in the frictional circumference the proportion
of particles with relatively small velocities would become
smallcr and there would thus occur a flattening of the ve~
locity distribution. If account is taken of the fact, how-
ever, that the changed velocity distribution due to the
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cross scction defornation -Aepends ‘not onlv on the change

in nagaitude o6f the friction arcas dbut also on the provi-

ously mentioned two effects, nancly, the local rotardations
and accelerations and the turbilence mechanism, which play
an important part then the curves of figures 61 and 62 may

A be explained in the following manner: As already said,.

for all four transitions in the eross sections O and 10 .
no pressure differences were found in the cross scection
plane. Thére is thus available for cach air particle tho
sanc anount of pressure cnergy for its path through the
corrcsponding transition picce. The porticles with snall
velocity near the wall lose still more kinetic energy while
those nore toward the ceanter with relatively larger veloc-
ities arc entirely unaffected or only slightly affocted by
these local reotardations and so flow with considerably
snmaller pressure loss so that they are even accelerated
soncwhat Dy the excess pressure energye. If in addition
there is an increasc in the frlctional perinmeter of the
cross scction during the transition the two effects are
superposod in the samc scengse so that for such cases the
rlotted velocity distribution decomes more tapered (fig.
61). TFor the converse case, that is, where the friction
surface is reduced as a result of the cross section defor-
mation no such gencral statement can be nade for the ve-
locity distribution since it is a question as to which of
these two cffects is preponderant. From figure 62 it nust
therefore be concluded that for the tronsition R——s C(I)
the offect of the arising local retardations is preponder-
ant over that of the decreasc in the perineter of the
cross section while for the transition R———>C(II) the
reverse is true. The reason fer this different behavior
nay perhaps be sought in the fact that the sccondary flow
cdue to the short transition length of piece II is still

so strong cven after the tran31tion that the particles
stopped at the wall can innediately receive new kinetic
energy by the turbulence interchange while as a result of
the larger transition length of piece I the secondary
flows are gradually destroyed already at the walls of the
transition piece so that this turbuleance interchange cannoct
take place to the sane extent as for the transition Re—me—>
C(II). OConsidering figures 61 and 62 in the light of this
view it may be said that only for transition R-——sC(II)
is there any directly evident effect of the magnitude of.
the cross scction friction perineter.
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X. THE PRESSURE DROP IN THE TRANSITION PIECES

On figurecs 63 and 64 there is plotted for all four
investigated cases the drop in prossure at the wall in
meters air column against the pipe lcecngth for a portioan
of the entry run, the transition piece and the exit run.
The difference in the initial pressure of cross section
10 for the transitions OC-—-——>R(I) and C-—=R(II) is
to be ascribed to the fact that in the transition
g—> R(II) the entry run was soncwhat shorter than for
transition C——R(I). The neasured wall pressures for
the scctions 9 and 1 of the transition pieces which pres-
surcs arc differcnt depending on whether the side or bot-
ton orifices are used for the neasurcnent are omittod.

The variation of the wall pressure along an axial section
of the transition picce naturally provides no measure for
the losses occurring if the pressure in the interior of

the eross section is not constant and does not agree with
that at the wall. The typical appearance of these curves
is for all cases the same. As a2 result of the conversions
occurring in the transition pieces of kinetic into pres-
surec cnocrgy and conversely the pressure in the first por-
tion of the transition piecec rises morc strongly than in
the entry run and again sinks toward the end of the tran-
sition. Tacse energy conversions come to an end only when
the prossure in the exit run is agoin linear. For all
transitions this condition obtains after a final length of
run of Ia' = 0,5 n. Considering the pressure diffcrence
between the inlet and outlet flange of the transition piece
without taking account of the partial pressure gain in the
exit run as pressurce head loss hy of the transition piece
of total length 1, there is obtained by substituting the
ncan hydraulic diasmecter of

o + F
dny = 43 L R _0.173 n
U UC + UR
into the loss eguation
1o Cgn~
b, = Ay _;L.JUE_
, dh, 2 8

the valucs given in table 8 for the loss coefficient,
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Therc are also given in this tablec values for a A!
that was deternined for the 0.5 m, plece 15! of the.exit
wrun in which further encrgy convcrsions take place,  On
ceonparing the values of Ay and A, it will be seen

that these values come out con51derab1y smaller for the
transitions Re—> C(I) and R-—> C(II) than for the
transitions C———=R(I) and € —=R(II)., The reason for
this difference nust be the increasc in the mean velocity
hend ¢ mz/Zg in the transitions C-— R(I). and (—»

R(II) .which in the case of the transitions R-—>0(I)
and R-—» C(II) renains practically constant, The nmean
velocity head in the different cross sections was detere
nined by the nmethod already mentioned in the considera-
tion of the pressure variation along the rectangular entry
run. For the transitions C—— R(I) and C—>R(II)
there was obtained an increment in the mean velocity head

fron 10.3 n in cross section 10 to 11.45 11 in cross sec~
tion O.

IT it is desired to find which of the two transition
pieces is better with regard to the pressure losses we
should not restrict ourselves naturally to the comparison
of the values of A, and A,' ©but nust conpare the suns

1 Cup Ia' Czpn®
fornmed of the products Ay EﬁL'ifg_ and A,! T 2;?:
v g ha 4

If this conparison is carried through for the transitions
C—R(I) and C—> R(II) it will be found that the
tronsition piece II causes a snaller pressure loss and so
is better suited for the transition circle —— rectanglc.
For the direction of transition rectangle —s circle

the result is arrived at that both transition picces are
equivalent, This at first rather surprising result be-
comnes explainable on ccnsideriag figure 55 from which

it may Dbe seen that for cross secection 10 in the transi-
tion R-——> C(II) the still very strong secondary flow in
the innediate ncighborhood of the wall in section 10 of
transition R-——= C(II) leads to very large velocity drops
which naturally result in increased losses and bring about
the result that the transition piece II in spite of its
spnaller length produces the sane prcssure drop as transi-
tion piece I.

It must still be pointed out that these findings with
regard to the relative efficiency of the transition pieces
are Justified only in the case where there exists a built-
up turbulent velocity distribution at the entrance to the
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transition pieces If other velocity distributions exist
the question of the reclative efficiency of the transition
pieces nay be differently decided since differcnt wvelocity
distributions result in different energy distributions and
the latter are cf very great effect on the pressure loss.

In conclusion attention is called to the loss coeffi-

cients Aan and Aa in table 8. These coefficlents cor-

respond to those parts of the entry and exit runs in which
there is a linear relation between pressure loss and pipe
length. The two columns agree very well and this noreover
brings out the Jjustification for the custonary introduc-
tion of the hydraulic diameter for the determination of the
pressure loss of pipes of noncircular cross section.

XI. SUMMARY

In this paper the resulits arc presented of pressure
and velocity distribution neasurements in transition
pieces in order to investigate the effect of the change
in shape of the cross section contour for egual arca of
cross section. For the two investigated transition pieces
which differed in their transition lengths a circular
cross section is deformed into one of rectangular perim-
eter. Since in ecach transition piece neasurenents were
taken for flows in each direction four different cases
were considered. The entry runs coannected ahcad of the
transition piecces were chosen of such length as to obtain
a built-up turbulent velocity distribution at the end of
the run. For this purpose velocity measurenents in the
entry run of the rectangular pipec were necessary. For
circular pipe section these velocity distributions are
sufficiently well kuown.

The velocity distraibutions neasured in the wvarious de-
formed cross sections are brought out by means of isotach
diagramnse The isotachs at each cross section very rapidly
assune the shape of the corresponding cross scction provid-
ed the local retardations and accelerations do not becone
too large., There is shown the existence of an exponential
law for the velocity in the neighborhood of the wall in
each of the neasuring planes parallecl to the axis,

The nost important factors affeccting the velocity and
pressurc distribution in the transition pieces are named



NeA.C.A. Technical Menmorandun No. 903 35

and it is atteﬁpted to show their effects at least quali-

- tativelye - The greatest effect is that produced by the

local retardations and accelerations. It is particularly
difficult to deternine the effect of the change in the
turbulence nechanisn through the cross section deformation
on the velocity distridbution. Since in a rectangular pipe
the turbulence of the flow shows up directly by the pres-
ence of secondary flows it is concluded fromn the measurc-
nents for the transition rectangle —— circle. -that the
change in the turdbulence mechanism due $o0 the cross sec-~
tion deformation does not very greatly affect the velocity
digtribution in the transition cross scctions thenselves.
A third effect indicated is the change in the friction
perimeter of the cross section due to the deformation.

The cstablishment of this effect is also rendecred diffi-
cult by the fact that there is no method for finding this
effcect independently of the other two. An important fact
cstablished is that in no transition piece did separation
from the wall occur.

At the conclusion of the paper are given'the loss co-
efficients for the two transition pieces in both flow di-
rections,

Translation by S. Reiss,
National Advisory Committee
for Aeronautics,
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Mmoo .Table III
Table I Value of n for various positions of
Cross section areas entry run S
for plece I Meas-
No. o byl , ’
o. of Area ing A Cross section _
section cm? v Qlun_og I )0 (W [IV | V | VI VI |Vii| ©
1g ggg'g 12 [ 8160|6084 60]|85(11,0{ 83| 70
g 2846 18 [90|52|65|74|60)|83|75|83(70
- 2886 : 14 |65|60|65|55 —| 73] 74] 72|70
6 082, 14a {70 6565|656 —| 73] 80| 83| 70
5 9825 14b | 50| 60| 68[ 63| —| 70| 90| 80| 70
s 281:5 4c | 50| 52|70 66| —| 65104 | 80| 7,0
3 281,4 6 |80|55[125| 72| 84(135| 90 83| 7,0
2 281,0 7 |80|60(125| 65| 95(11,1| 93| 85| 7,0
1 285,5 8 180)62)|97|67| 84101 94| 79| 7,0
0 284,5 9 [140| 60| 87| 67(11,0| 93| 83| 78| 7,0
10 |85|66|92|67|1,0/82|80]|70]70
11 656, —| 88|63| —|84|63|66]70
a | 70| — | 85,67 —| 76| 59| 53| 7,0
11b | 80| — | 83| 7,7(136| 65| 54| 56| 7,0
Table II
Cross section areas Table VIII
for piece II The loss coefficient A.
"o, of Area ham oo | A 2
section cm* Transi-| Entry | Transi< Exit Exit
10 988,6 tion | rum | tion ran | run
9 288,6 C—R () 0,0162 0,0248 0,0266 0,01665
5 281,0 Q—R (| 00162 0,0237 | 0,0228 0,01665
1 282,4 R—C () 0,0173 0,0106 0,0117 0,0171
0  287,6 R—Cun| 00173 0,0199+| 0,00934 | 0,0171
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Evalvation of sphere measurements at ssction 5 of transition C w-s R(1)
Measuring # a ¢ 1 v c cx. cy ex . plyi
ypoint » -  Deg. - | Deg, | _Deg.’ ms -m/s m/s ms mas .
T R .
2 ' 6 0 -0 0 16,38 0 0 16,38 —418 .
2 7 +08 0 4117 1638 | 0,223 — 0,046 16,37 —415
12 1 8 +13 R | + 222 16,4 + 0,50 +o010L | 1620 | . —416
12 9 +2 —25 + 316 15,92 +0835 | +02908 1538 | —41,4
12 ; 10 +25 —4 + 39,6 15,12 +1,185 +0331 | 1508 | —415
12 11 + 45 —51 + 448 '12,05 + 1,395 +0055 | 1195 — 416
13 | 6 .+ 05 +05 + 01 16,35 40,142 | 40,143 | 1632 —41,7
13, 1 +25 +1,1 + 9 16,35 +0653 | —o044 16,32 —416
13, 8 +4 +08 +18,1 16,32 +1,02 — 0,533 16,30 —414
13 . 9 +5 ‘0 + 26,3 16,25 + 1,265 — 0,627 16,20- —416
13 . 10 +55 —1 +335 15,35 +1371 — 0,577 1527 | —416
13 1 +4,5 + 4,5 + 39,5 11,94 + 1,325 —0,125 11,88 — 41,7
u 6 +05 +12 + 0,7 16,29 + 0,187 —0375 16,21 —415
i1 +3 +2 + 75 16,15 + 0,763 — 0,658 16,12 — 41,6
14 f 8 + 4.5 +1 + 152 15,98 + 1,132 — 0,598 15,9 — 41,7
4 19 +6 0 + 225 15,62 +1,42 — 0,588 15,55 — 416
14 10 + 6,5 +1,6 + 29,3 14,76 + 1,665 —0,443 14,65 — 41,7
15 6 +15 +1 + 1,3 14,78 + 0,398 — 0,247 14,72 —415
L I I { +4 +2 + 64 14,72 + 0,96 —0624 | 147 —415
15 | 8 + 355 +15 + 134 14,6 + 1,277 — 0,696 14,5 — 41,6
B L9 +8 +05 420 134 + 1,71 — 0,491 12,8 — 416

* The measuring points are the intersections of the three planes.
1, Cross section 5. 2, Horizontal (x) plane. 3, Vertical (y) plane.

Table V
Evaluation of sphere measurements at section 5 of transition C —» R(II)

Measuring * a 4 P c cx cy cz plye
gjpoint = Deg. Deg. Deg. mjs m/s m/s m/s mas
12 6 0 0 0 16,38 0 0 16,28 —366
12 7 + 2 — 025 -+ 10,8 16,38 + 0,570 —0,053 16,34 - 37,0
12 8 + 4 — 15 + 20,8 16,28 + 1,205 —0,0018 16,20 — 374
12 9 + 6 — 33 | 4298 1586 | +1,88 — 0,0039 15,7 — 31,75
12 10 + 62 — 6 +375 14,85 +22 + 0,274 14,65 — 31,7
13 6 0 + 25 0 16,38 0 — 0,712 16,38 —372
13- 7 + 25 + 241 + 90 16,37 + 0,606 —072 1632.| —370
13 8 + 5 + 19 + 11,8 16,1 + 1,175 — 0,918 16,02 — 374
13 9 + 1 + 17 + 256 15,78 + 1,90 — 0,416 1562° | —880
13 10 + 85 + 53 + 329 14,68 + 2,54 —0,0168 14,38 —378
14 6 + 07 + 6 + 02 15,85 + 0,178 — 1,68 16,72 —313
14 7 + 45 + 55 + 82 158 +'1,00 — 1,665 15,63 — 3873
14 8 + 8 + 4 + 158 15,6 + 1,785 — 1,635 154 — 377
14 9 +11 . — 02 +229 15,12 + 2,667 — 1,077 14,82 —38,0
14 10 418,56 — 57 +29;1 44 | +362 | —03987 13,92 —882
1 10p + 13,5 — 85 +3821 | 1345 43,68 —0022 | 1285 —383 -
5 | 6 + 1 | +1125 + 08 14,77 + 0,228 +228 | 1445 — 3815
15 7 + 62 +112 |+ 74 | 144 | +112 —2,293 13,90 —378
15 7 +13 +10 +14 13,58 + 2925 —30 13,0 — 38,2

% The measuring points are the intersections of the three planes
1, Cross section 5., 2, Horiszontal (x) plane. 3, Vertical (y) plane.
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Table VI B I
Value of n at different sdctions of transitions C —» R(I) and C —» R(II)
Measuring ‘ Transition c>r W) Transition C-»r (1
planes o Cross section Cross section
10 .. 9 17 5 3 1 0 i il . \'A 10 : 9 ; 5 L 1 i /]
. T © - - 1 }
12 83 95| 58, 58 60| 64 80 ' 60| 70 | 83 |21 - 80 | 85 | 80
13 83 901 65:60 60| 65 80 60| 70 | 83 |17 85 . 45 80
14 83 . 85| 75,860 76 68 80 : 70 | 70| 83 |16 . 90, 53 | 80
Mp 83 80| 80 80 80|80 80 80 | 70| 83 |14 100 ; 88 | 45
8 83 ' 72 {80 80 80 85 80 | 70 ! Gs | 83 26 | 74 2156 80
7 83 | 75 ' 80 80 80 85 80 | 70 | 64 | 83 30 | 80 ' 18 8,0
8 83 i 75 ., 80 80 80 80 80 |70 65| 83 65| 80 13 8,0
9 83 | 717! 80 80 ’ 80! 76 80 | 73 [ 70 | 83 . 80 | 80 76 80
9b 83 { 80l 80 80! 80! 74 80 | 73 | 70| 83 95 | 45 80 5
10 83 | 80 80 80 80 70 80 | 70 © + | 83 130 | 40 ' 80 70
10p — ' — —180,85]|68 80|73 +| = | 39 65 60
11 - - - — . 10,67 90| 75, + - — 40 58
11a -~ = = —|8 92|15 + — — 40 55

+ Signifies that for these measuring planes no exponential low could be
established since the secondary flows give rise to extreme velocity
distributions near the wall,

— Signifies that the corresponding measuring plane lies outside the
cross section.

Table VII
Value of n at different sections of transitions R —» C{I) and R —» C(II)
Measuring Transition r—>C ) 'l'ra—:n_-ition R—>C ()
planes Cross section Cross section
1] 1 34’ 5 T 9 10 15 [¢] 1 ] 3 I 9 10

12 70 ¢+ 0| 10 70 | 170 7,0 64 | 64 | 70 | 50 : 160 200 | 170
13 70 70| 0 0 70 | 70 | 70 62 | 71| 70 | 55 | 160 ¢ 200 ; 120
14 7,0 67 | 12 11 2 1 15 60 | 69 | 70 | 45 | 170 200 ; 120
141 7,0 68 | 712 10 | 12 | 12 63 | 63 | 70 | 50 + 140§ 120
6 7,0 0| 20! 201 70 7,0 70 ! 68| 70 |22 . 55 l 57 67
7 7.0 7,0 70 0 10 | 01 170 67 | 68 [ 70 | 20 68 | 57 15
8 7,0 73 | 101 70 | 87 . 65 65 | 13 | 10 | 134 70, 56 10
9 70 72 | .2 l 70 | 63 | 62 62 | 70 | 70 {100 ' 68 52 13
%o 7,0 70 i 72 | 70 1 69 i 63 ! 60 P61 | 70! 90 . 88:. 471 97
10 7,0 70 | 12 69 | 18 0 ; 65 : T4 | 70 | 75 ' 35! 120 88
10p 7.0 70 76 0 10 . — - - =1l 70| 5 20! — —
1 70 . 70 6,3 - = - = — | 720 73 200 — -
11a 70 170 - - = - - — | 0 10 - -

+ Signifies that for these measuring planes no exponential low could be
established since the secondery flows give rise to extreme velocity
distributions near the wall.

— Signifies that the coprresponding measuring plane lies outside the
croes section., - .
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Pigure l.- Test set-up for the deformation of a circular
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€, Base plate
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k, Sphere

m, Graduated circle for ¥
n, Vernier :
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r, Graduated disk

s, Shaft of sphere
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z, 2y indicators

8p, Mirror

Figure 4.~ Pressure sphere
apparatus.
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Figure 5a.- Pressure sphere employed Figure 5b,.- Pressure sphere of 12
of 8mm diameter with mm diameter with five:
four orifices, orifices as previously employed.
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Figure 7.- Pitot tube.

ow

Inside diamet'er =0.5mn



N.A.C.A. Te

chnical Memorandum No. 903

Figs. 6,13,14,15

| kgekry CalCmax
7\\ (_]: e tiroa— ~0,
.8 = >< - asz" kg \C.:Z’;st )
/ AN i
M IQ$/ ‘\
;,.,-. .\4 /! \\ ‘\
£l
g 7 < T «5
st
S o A A cst=17mfs |
- v “"\\\ Crax=16. 4mfls
o _ kj=k N : T
S w4 P11 >
_P' / '-b //‘ +6 T 01
/g’i—_—:t—%—* et s e st by vaa Yy ol
. / TERHII S “10 -5 0 5 cm 10
-n i ! X ory
7 |
400 200 o 200 ~400 Figure 13.- Initial velocity

Flow angle §

Figure 6.~ Calibration curve

of the pressure

sphere employed with four
orifices (see fig. 5a).

14
lae
e
©
r~4 2008
a0t o
gl
ot bt
:j s
=

#
s |t 0

e

2

.4 .8
n Distance from wall
X Pipe radius

Figure 14.~ Mixing length
distribution as
& function of the distance
from the wall for cross
section 10 of the transitions
C—R(I) and .C==R(II).

profile in
circular cross section 10
in the transitions C->R(1)
and C—R(II),

t; om0 o
(o} .8":0-—
S~
|
S .4
8o
[an]
0 1.0 2.0

lg n(n in mm)

Pigure 15,- Determination
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Contours of cro
sections (1) to aé

a, Seats for screwing on the velocity measuring apparatus
8, Slots in a,leading into the interior of the pipe
au,b,t, Arrangement for attachment of a manometer

Figure 8.~ Trensition piece I.

Figure 10.- Determination of* the
' transition cross
sections. :

Yigure 9.~ Transition piece II.
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Figure 17.- Velocity distribution (c,/cpgy) in the horizontal (x) and
vertical (y) measuring planes in cross section O of the

transitions R—» C(I) and R-—»C(II).
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pressure as a function
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